Ferulic acid (3-(4-hydroxy-3-methoxy-phenyl)acrylic acid) ( Fig. 1 ), due to its phenolic nucleus and unsaturated side chain, readily forms a resonance-stabilized phenoxy radical, which accounts for its potent antioxidant activity. 1 It is an effective component of Chinese medicine herbs, such as Angelica sinensis, Cimicifuga heracleifolia and Lignsticum chuangxiong. Ferulic acid is a phenolic acid of low toxicity; it can be absorbed and easily metabolized in the human body. Ferulic acid has been reported to have many physiological functions, including antioxidant, antimicrobial, anti-inflammatory, antithrombosis, and anti-cancer activities. 1, 2 It also protects against coronary disease, lowers cholesterol and increases sperm viability. Because of these properties and its low toxicity, ferulic acid is now widely used in the food, pharmaceutical and cosmetic industries. 3, 4 For the determination of ferulic acid, early methods involved thin-layer chromatography (TLC) 5 and high-performance liquid chromatography (HPLC) 6 with spectrophotometric detection. In recent years, the TLC and HPLC techniques have been developed and commonly employed for the determination of ferulic acid. [7] [8] [9] [10] [11] [12] Some new methods have been proposed, such as micellar electrokinetic capillary chromatography, 13 micellar electrokinetic chromatography, 14 liquid chromatography-mass spectrometry, 15 and high-performance capillary electrophoresis. 16 Each of these proposed methods often offer their own set of advantages and disadvantages. However, some disadvantages, such as several time-consuming manipulation steps, sophisticated instruments and special training, or low sensitivity, made them not simple, rapid and sensitive for the determination of ferulic acid. Chemiluminescence (CL) analysis is attractive because very low detection limits and wide linear response ranges can be achieved for certain species by using simple instrumentation. When coupled with flow-injection analysis (FIA), CL-based FIA methods provide a rapid, cheap, simple and reproducible means of detection.
The use of FIA-CL methods in pharmaceutical and biomedical analysis seems to have become quite important in recent years. [17] [18] [19] A few of papers dealing with the CL assay of ferulic acid have been published during last decade. Lewis et al. reported a new CL method for the determination of ferulic acid, which is based on a phenomenon that ferulic acid could enhance the chemiluminescence from the reaction of luminol with hexacyanoferrate(III) in a basic medium. 20 Our experiment discovered that ferulic acid can be oxidized by potassium permanganate in an acidic medium, producing strong chemiluminescence; the CL intensity was a linear function of the concentration of ferulic acid. Thus, a new method was developed in the present work. Compared with those methods mentioned above, this method has the merits of high sensitivity, wide linear range and good accuracy. The method was applied to the determination of ferulic acid in actual samples with satisfactory results. The possible CL mechanism of the proposed system was also briefly considered.
Experimental

Reagents
A ferulic acid stock solution (2.0 × 10 -4 mol l -1 ) was prepared by dissolving 0.0194 g of ferulic acid (analytical reagent grade), purchased from Sigma, in water, transferring the solution into a 500 ml volumetric flask and diluting to the mark with water. This solution was stored in a refrigerator at 4˚C. A potassium permanganate stock solution (4.0 × 10 -2 mol l -1 ) was prepared by dissolving 1.5790 g of potassium permanganate in water, and diluting to 250 ml with water. Nitric acid (65% solution, China) was diluted to the required concentration. All other chemicals were of analytical reagent grade, and doubly distilled water was used throughout. A simple, sensitive and rapid flow-injection chemiluminescence method has been developed for the determination of ferulic acid based on the chemiluminescence reaction of ferulic acid with potassium permanganate in a nitric acid medium. A strong chemiluminescence signal was observed when ferulic acid was injected into an acidic potassium permanganate solution in a flow-cell. The present method allowed the determination of ferulic acid in the concentration range of 6.0 × 10 -6 to 2.0 × 10 -4 mol l -1 ; the detection limit (3σ) for ferulic acid was 9.6 × 10 -8 mol 1 -l . The relative standard deviation was 1.0% for 11 replicate analyses of 2.0 × 10 -4 mol l -l ferulic acid. The proposed method was applied to the determination of ferulic acid in real samples with satisfactory results. Moreover, the reaction mechanism of the chemiluminescence system was primarily considered. 
Apparatus
The flow-injection system used (shown in Fig. 2 ) consisted of a peristaltic pump and a six-way injection valve. A PTFE tubing (0.8 mm i.d.) was used to connect all components in the flow system. A mixing coil (glass tubing, 100 mm × 1 mm i.d.) after a confluence point was used as a flow cell, and was positioned in front of the detection window of a photomultiplier tube (PMT). The CL emission was recorded with a flowinjection CL analyzer (IFFL-D) (Xi'an Remax Electronic Science-Tech Co. Ltd.) controlled by a personal computer. A UV-VIS 8500 spectrophotometer (Tianmei Co., Shanghai, China) was used for recording the absorption spectra. A Hitachi F-4500 spectrofluorophotometer (Hitachi, Tokyo, Japan) was used for recording the chemiluminescence spectra, which was used in the luminescence mode (lamp, off; emission slit width, 20 nm; scan rate, 120 nm min -1 ).
In order to obtain good mechanical and thermal stability, the instruments were run for 20 min before the first measurement. The flow rate in each channel was controlled at 6.7 ml min -1
. A sample was injected into a carrier stream (nitric acid solution) by a six-way injection valve. Then, potassium permanganate merged with the carrier stream containing samples in the flow cell in front of the PMT. The signal from the PMT was sent to a detector and then to a computing integrator. The determination was based on the linear relationship between the ferulic acid concentration and the peak of the relative CL emission intensity, which was obtained by subtracting the CL blank from that sample or standard solution.
Results and Discussion
Kinetic curves of the CL reaction
The CL kinetic characteristic of the reaction of ferulic acid and KMnO4 in a nitric acid medium was investigated (Fig. 3) . The rate of the reaction of ferulic acid and KMnO4 was very fast, only 1.2 s being needed from the sample droplet dropping into the KMnO4 solution to the peak maximum emerging. It took only 7 s from reaching the peak maximum to declining to the baseline level.
Effect of the concentration of HNO3
The effect of various acids on CL was studied. This study was carried out with a solution containing 2.0 mol l -1 HCl, HNO3, H2SO4 or H3PO4 under the standard conditions mentioned above. The results are listed in Table 1 . It can be seen from Table 1 that the highest emission was observed in a HNO3 medium and the signal was stable.
The HNO3 concentration was subsequently optimized; the results are shown in Fig. 4 . The CL light intensity increased with increasing the concentration of HNO3. However, when the concentration of HNO3 was above 4.0 mol l -1 , the CL intensity only had a very minor increase. Considering the erosiveness of HNO3, 4.0 mol l -1 HNO3 was finally chosen as the reaction medium for subsequent research.
Effect of the KMnO4 concentration
The CL emission intensity depends on the concentration of KMnO4. A study of this influence was carried out over a KMnO4 concentration range of 1.0 × 10 -4 -8.0 × 10 -4 mol l -1 under the standard conditions mentioned above; the results are given in Fig. 5 . An examination of this figure shows that the maximum intensity was obtained at a KMnO4 concentration of 2.0 × 10 -4 mol l -1 . When the permanganate concentration was above this level, the CL intensity decreased, mainly due to the intense color of the permanganate solution. Thus, 2.0 × 10 -4 mol l -1 KMnO4 was chosen as being the most suitable for further studies.
Effect of the flow rate
The effect of the flow rate on the intensity of the CL system was studied over the range 2.5 -8.5 ml min -1 in each stream. The CL intensity increased with the flow-rate increase in the range of 2.5 -6.7 ml min -1 , whereas it showed no change for flow rates over the range of 6.7 -8.5 ml min -1 . Therefore, a flow rate of 6.7 ml min -1 for each reagent was chosen for further studies.
Chemiluminescence spectrum Figure 6 shows the chemiluminescence spectrum of the acidic potassium permanganate-ferulic acid system. The maximum CL wavelength of the system was at about 650 nm, and closely approached the characteristic wavelength of the acidic potassium permanganate chemiluminescence emission spectrum. 21 
Analytical characteristics
Under the optimum conditions described above, the calibration graph of the emission intensity (I) versus the ferulic acid concentration was linear over the range 6.0 × 10 -6 to 2.0 × 10 -4 mol l -1 and the regression equation was I = 3.12 × 10 5 C -1.14 (C: ferulic acid concentration, mol l -1 ) with a correlation coefficient of 0.9998. The detection limit (3σ) was 9.6 × 10 -8 mol l -1 , which was similar, or an order of magnitude lower than, to those previously reported by other methods. [11] [12] [13] [14] [15] The relative standard deviation was 1.0% for 11 replicate analyses of 2.0 × 10 -4 mol l -1 ferulic acid. A typical recording output of the proposed CL system for the determination of different concentrations of ferulic acid is shown in Fig. 7 .
Tolerance of foreign substances
The influence of various foreign species on the determination of 6.0 × 10 -5 mol l -1 ferulic acid was investigated. The tolerance limit was taken as the maximum concentration of the foreign substances that caused an approximately ±5% relative error in the determination. The tolerated ratio of foreign substances to 6.0 × 10 -5 mol l -1 ferulic acid was 5000 for NH4 + , Na + , Ba
2+
, Cl -, SO4 2-; 3000 for Zn 2+ ; 1000 for L-glycine; 200 for sodium dedecyl sulfate; 50 for hyaluronic acid and 2 for glucose, respectively.
Equal concentrations of uric acid, phenol, resorcin, hydroquinone and quercetin interfered with the determination of ferulic acid. However, the sample (Taita Beauty Essence) determined did not contain these interfering substances. Therefore, this method could be applied to the direct determination of ferulic acid in a real sample.
Sample analysis
The concentration of ferulic acid in a Taita Beauty Essence (Shenzhen Taitai Pharmaceutical Industry Co., Ltd.) sample was determined by the present method. The results are given in Table 2 . Instead of comparing the results of a real sample analysis with that obtained from other reference methods, a recovery test for the developed procedure was performed. By spiking different amounts of standard ferulic acid to solutions of real samples with a known amount of ferulic acid (2.88 × 10 -5 mol l -1 ), recoveries ranging from 95.1 to 108.5% were obtained. The satisfactory results obtained confirm the feasibility of the developed method.
Possible CL mechanism
Ferulic acid was derived from the basic structure of cinnamic acid that contains a conjugated system of a benzene ring, a double C=C bond and a carboxylic group. It can also be considered as a derivative of phenol. Therefore, ferulic acid was extremely easy to be oxidized by some oxidants. Under our experimental conditions, the hydroxyl group in the aromatic ring and the alkene bond of ferulic acid were easier to be oxidized and to produce a derivative of ketone and carboxylic acid, respectively. 22 The UV-VIS absorption spectra (Fig. 8) show that ferulic acid has three absorption peaks at 212, 286 and 312 nm. When ferulic acid was oxidized by potassium permanganate, an obvious broad absorption peak still appeared near 312 nm and 965 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 the characteristic absorption peak intensities of potassium permanganate were decreased with an increase in the concentration of ferulic acid. An examination of Fig. 8 shows that an obvious reaction occurred between ferulic acid and potassium permanganate.
We calculated the electronic spectrum of one of the oxidized products of ferulic acid, 3-methoxy-4-oxo-cyclohexa-2,5-dienecarboxylic acid, using the AM1 method of quantitative chemistry. The results indicated that 3-methoxy-4-oxo-cyclohexa-2,5-dienecarboxylic acid has three absorption peaks appearing near 241, 262 and 310 nm. Therefore, the broad absorption peak near 312 nm in Fig. 8 may be the mixed absorption of 3-methoxy-4-oxo-cyclohexa-2,5-dienecarboxylic acid and residual potassium permanganate. In this case, potassium permanganate was reduced to activated trivalent manganese, Mn(III)*. When Mn(III)* returned from the excited state to the ground state, the energy was released as light. Based on the above experimental results and the other studies, [23] [24] [25] the possible mechanism of the CL reaction may be attributed to the following reactions in its simplest form:
Conclusion
Ferulic acid can be oxidized by potassium permanganate in an acidic medium, producing a strong chemiluminescence signal. Based on this, a flow-injection chemiluminescence method for the determination of ferulic acid has been developed. Compared with some other methods, the proposed method is sensitive, fast and simple. It does not require sophisticated reagents and equipment. Further research work on this subject is in progress along with new applications, such as combining with liquid chromatography or capillary electrophoresis.
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